1. Introduction {#sec1}
===============

Optical tissue phantoms are necessary for the development and standardization of bio-optical techniques and calibration of steady-state optical measurements on real tissues to establish quantitative information before clinical trials \[[@bib1], [@bib2], [@bib3]\]. They play an important role in understanding the optical characteristics of biological tissues and the description of light propagation through them \[[@bib4], [@bib5]\]. However, recent technological advancement from prototyping to clinical testing for improvement in imaging techniques requires the development of a standardized and reproducible protocol for phantom fabrication to validate these techniques and minimize variation in phantom optical properties with time \[[@bib1], [@bib6]\].

A major challenge in phantom tissue fabrication is the high cost and the laborious nature of the methodologies proposed for their development \[[@bib3]\]. Furthermore, the easy degradation and low temporal stability of commonly used phantom materials often lead to a limitation in the specificity of the heterogeneities or complex, layered structures of the biological tissues to be mimicked \[[@bib3], [@bib7]\]. The related alterations in optical properties from individual tissue structures and conditions such as oxygen saturation, the volume of blood, water content as well as the age of the person might also be significant factors \[[@bib8]\].

This led to the use of the polymeric material Agar, a dry powder comprising of seaweed polysaccharides in this work. Agar is particularly chosen for its ability to form stable matrices that allow for the inclusion of various entities to simulate both optical and biochemical properties of phantom tissue similar to those of biological tissue. Further, it allows for the tunability of absorption and scattering characteristics \[[@bib9], [@bib10]\].

Nevertheless, the existence of a standardized Agar gel phantom fabrication procedure mimicking various human tissues in a range of wavelengths typically required for more specialised applications is of great interest to ensure that their production depends at the minimum on handling \[[@bib11], [@bib12]\]. To date, several efforts have been made to describe the preparation recipes for tissue-mimicking agar phantoms. Jung et al. \[[13](http://13){#interref0010}\] constructed an Agar phantom with size 300 × 300 × 200 mm to mimic the lower abdomen of a human body and suitable to measure the temperature distribution characteristics of a radiofrequency hyperthermia device. It was prepared by mixing 100 ml CAR-15 Agar powder and 19,000 ml distilled water. The phantom effectively determines the temperature distribution of the hyperthermia device. Wagnières et al. \[[@bib14]\] attempted to obtain a phantom with optical properties corresponding to the human oesophageal wall within the visible light range. They added various amounts of silicon dioxide, Intralipid, ink and concentrated blood to an agarose matrix. Fluorochromes were used to simulate tissue containing an exogenous fluorescent marker, and since most fluorochromes used in cancer photodynamic therapy and photo-detection have an affinity for proteins, bovine serum was used to introduce protein into the phantoms.

Although the optical properties of the serum do not play a significant role in the overall optical coefficients of the phantoms, the main limitation of this approach was the probable variations in optical properties due to the imperfect reproducibility of the preparation process.

Mustari et al. \[[@bib15]\] in their work described the fabrication of tissue-mimicking optical phantoms for use in diffuse reflectance spectroscopy and multispectral imaging. A coffee solution and lipid emulsion were added to an agarose matrix. The phantom produced successfully represents the diffuse reflectance spectra of living tissues. However, obtaining subsequent phantom with similar optical properties is difficult to achieve due to the need to maintain a temperature range for the base material.

Vulcanized Polydimethylsiloxane (PDMS) tissue phantoms tuned to specific optical properties in the near-infrared spectrum were fabricated for system calibration and performance testing \[[@bib16]\]. Scattering and absorption properties were set by titanium dioxide (TiO~2~) and India ink (PRO-4100, Pro Art). A curing agent was manually mixed with the TiO~2~ in an ultrasonic bath for 30 min followed by the addition of bulk PDMS and India ink suspension. The solution was further hand-mixed for 15minutes and poured into a mould (softball display case) for curing. Compared to gelatin-based phantoms, the cured PDMS phantoms are easier to transport with a longer usable life.

A similar study by Jang et al. \[[@bib17]\] fabricated stable Solid Haemoglobin-Polymer (SHP) materials with haemoglobin spectral absorption properties above 450--1000 nm. Fully oxygenated human haemoglobin solution with normal concentration level (150 g/l) was mixed with PDMS the base matrix material using a sonicator.

A PDMS curing agent (hardener) was added to the homogeneous mixture at a mass ratio (PDMS: hardener) of 10:1 and stirred for 5 min until uniform. Phantoms of various thicknesses were produced using an aluminium-disk PMDS mould placed in a vacuum chamber for about 1 h to extract created bubbles. Although PDMS is capable of rapid curing at higher temperatures, their process required room-temperature curing for 1--2 days to avoid thermal effects such as denaturation on haemoglobin.

Moffitt et al. \[[@bib18]\] described a method of preparing solid phantoms simulating the optical properties of biological tissues at 690 and 830nm. The phantoms consist of three components: a two-part polyurethane system, absorbing chromophores (phthalocyanine and palladium dye) at 690 and 830nm, and scattering agents (Titanium dioxide TiO~2~). Stock solutions in xylene of the two powdered dyes and TiO~2~ in ethanol were diluted into each part of the polyurethane systems. All samples were mixed and poured into cuvettes of path length 1 cm for casting. Degassing was done by placing the samples in a desiccator/vacuum chamber following which the phantoms were covered and left on a level surface. The phantoms produced were solid but the polyurethane was relatively soft at 24 h.

The irregular readings of tissue oxygen haemoglobin saturation (StO~2~) by different near-infrared spectroscopy (NIRS) oximeters led Kleiser et al. \[[@bib19]\] to perform simultaneous measurements on liquid phantom mimicking the optical properties of neonatal heads.

The phantom consisted of phosphate-buffered saline (PBS) to which 74 ml IL (20 %) and defined amounts of human blood from expired human erythrocyte concentrate bags including Sodium bicarbonate buffer (SBB) were added. Fresh baker yeast was added when required, for haemoglobin deoxygenation. The phantom was though re-oxygenated by pure oxygen (O~2~) through bubbling which could have created an inhomogeneity.

In this study, we present a detail low-cost but simple fabrication technique of Agar-gels based optical phantoms suitable for applications in the green (532 nm) and red (630 nm) He--Ne laser wavelength, and further characterize their optical properties to identify the phantom geometry and optical agents that could successfully mimic the target tissue as an alternative to commonly used costly models of pre-clinical evaluation. Specifically, the phantoms have been designed to replicate the optical properties identical to the human brain grey matter, bladder wall, and lung tissues.

The developed phantoms are convenient for realistic evaluation before validation by real tissues since they consist of carefully measured concentrations of the scattering and absorbing agents needed to provide the intrinsic optical properties of the simulated tissue.

2. Materials and methods {#sec2}
========================

2.1. Materials selection {#sec2.1}
------------------------

The Tryptone soy and Bacteriological Agar powder (Sigma Aldrich, MO, USA) were the phantom base materials for this study. Agar based gels, in addition to their hardening qualities, are considered inexpensive, easy to produce, have negligible absorption, non-toxic and durable at high temperatures \[[@bib10]\]. It can remain stable up to two and a half years under ideal storage conditions \[[@bib10], [@bib20]\]. Additionally, the relaxation time of the Agar gel is similar to that of human tissue (40--150 ms) and can be varied to simulate different tissue values \[[@bib21]\].

Phantom optical properties were controlled by introducing varying concentrations of Aluminium oxide (Al~2~O~3~) particles (64271, Darmstadt, Germany) and India ink (PRO-4100, Pro Art) as the scattering and absorbing agents, respectively. The choice of optical agents was driven by their stability in the basic medium. They have also been used extensively in other visible wavelength phantoms.

The amounts of primary components utilized were determined with a digital balance (readability of 0.01 g) capable of accurately measuring the relatively small masses of the materials used in the study.

2.2. Phantom recipes and fabrication methods {#sec2.2}
--------------------------------------------

All tissue phantoms samples were prepared by dissolving a certain amount by weight of the Agar (Bacteriological or Soy) powder and adding varying concentrations of India ink and aluminium oxide (Al~2~O~3~) that approximate the desired optical properties for the biological tissue of interest at the imaging wavelength(s) in 100 ml of deionized water. The phantom recipes, together with the mimicked tissue types for each base material and laser wavelength are listed in [Table 1](#tbl1){ref-type="table"}.Table 1Phantom recipes together with the mimicked tissue types for each base material.Table 1Base materialPhantom recipeLaser wavelengthsMimicked tissueBacteriological Powder2.0g of Agar powder,\
0.3 g Al~2~O~3~ + 0.3 ml India Ink532 nmBrain2.0g of Agar powder,\
0.5 g Al~2~O~3~ + 0.5 ml India Ink532 nmBladder2.0g of Agar powder,\
0.1 g Al~2~O~3~ + 0.1 ml India Ink630 nmLungsSoy\
Powder6.0g of Agar powder,\
0.3 g Al~2~O~3~ + 0.3 ml India Ink532 nmBrain6.0g of Agar powder,\
0.5 g Al~2~O~3~ + 0.5 ml India Ink532 nmBladder6.0g of Agar powder,\
0.1 g Al~2~O~3~ + 0.1 ml India Ink630 nmLungs

The solution was placed on a hot plate and heated to approximately 94 °C the temperature at which the agar activates while stirring continuously to allow for all granules of agar powder and scattering particles to dissolve thus creating a firm gel. The temperature of the sample during the heating process was monitored using a Techgear TG732TK dual channel digital thermometer modified to utilize a thermocouple attached on the reverse side of a Velcro strap. The digital thermocouple strapped around the beaker provides accurate temperature measurements of the heated solution with a stated accuracy of ±5 °C.

The fabricated optical phantom sample was then allowed to cool to 20 °C and wrapped with aluminium foil (to preserve the sample from draining and unwanted particles) before storing for at least 24 h in a refrigerator to solidify. The complexity of the preparation process, especially the varying concentrations of added optical agents is dependent on the base material and the intended quality of the resulting gel.

2.3. Optical properties measurements {#sec2.3}
------------------------------------

### 2.3.1. Experimental set-up {#sec2.3.1}

In line with the low-cost concept of this study, the optical behaviour of each phantom tissue was evaluated by using the set up shown in [Figure 1](#fig1){ref-type="fig"}. Phantoms samples of various thicknesses were irradiated with either a green or red He--Ne laser light of wavelength 532 and 630 nm respectively. The laser beam kept at a constant distance away from the sample was first split into a reference and sample beam by a 25 mm diameter cube beam splitter (Edmund Optics, USA), to continuously monitor the incident beam power.Figure 1Schematic illustration of the procedure involved in laser irradiation of phantom samples.Figure 1

The collimated incident and transmitted light intensity through the samples were measured using an EO 54-018 digital handheld laser power meter (detector) with aperture size 8 mm (Edmund Optics, USA), positioned behind the sample holder. The tissue phantoms were placed on a 1mm thick glass slide inside a sample holder located at a distance of about 0.6m from the beam splitter.

The absorption and scattering coefficients of the created tissue phantoms were determined following the Beer-Lambert law relationship [Eq. (1)](#fd1){ref-type="disp-formula"}. Assuming multiple scattering does not take place and that the scattering is caused by the added Al~2~O~3~ particles \[[@bib22]\]:$$\frac{P}{P_{o}} = e^{- \mu_{t}d\ }$$where $P$ is the measured light intensity at the detector at a certain sample thickness $\ d$, $P_{o}$ is the intensity of incident length and $\mu_{t}$ is the total attenuation coefficient.

The total attenuation coefficient is represented by the slope of the linear curve on an $\text{ln}\ \left\lbrack \frac{\text{p}}{\text{p}_{\text{o}}} \right\rbrack$ versus thickness graph, given by [Eq. (2)](#fd2){ref-type="disp-formula"}$$\mu_{t} = - \frac{1}{d}\ln\left\lbrack \frac{P}{P_{o}} \right\rbrack$$

In turbid samples, the total attenuation coefficient $\mu_{t}$ is also described as the sum of absorption $\mu_{a}$ and scattering $\mu_{s}$ coefficient \[[@bib13]\], as expressed in [Eq. (3)](#fd3){ref-type="disp-formula"},$$\mu_{t} = \mu_{a} + \mu_{s}$$

The refractive index n of the phantoms was also ascertained using the method introduced by Li et al. \[[@bib23]\] based on total internal reflection.

### 2.3.2. Determination of absorption and scattering coefficients {#sec2.3.2}

To determine the optical properties for each tissue phantom, Agar phantom samples mixed with different concentrations of Al~2~O~3~ particles were first fabricated and sliced into six different thicknesses (Tables [2](#tbl2){ref-type="table"}, [3](#tbl3){ref-type="table"}, [4](#tbl4){ref-type="table"}, [5](#tbl5){ref-type="table"}, [6](#tbl6){ref-type="table"}, and [7](#tbl7){ref-type="table"}) to measure the scattering coefficients with the assumption that ($\mu_{t} \approx \ \mu_{s}$). Subsequently, the desired tissues were simulated by adding a concentration of India ink to the same amount of Al~2~O~3~ particles and Agar powder. The absorption coefficient $\mu_{a}$ was determined from the total attenuation coefficient $\mu_{t}$ following [Eq. (3)](#fd3){ref-type="disp-formula"}.Table 2The power intensities of the 532 nm laser through different thicknesses of the brain bacteriological Agar phantoms.Table 2Sample Thickness (mm)Incident Power (mW)Transmitted Power (mW)$- \ln\frac{P}{P_{o}}$2.6655.4731.670.5604.7154.3726.570.7166.8053.9720.970.9458.5653.3715.871.21310.6655.3712.771.46712.8453.978.171.888Table 3The power intensities of the 532nm laser through different thicknesses of the bladder bacteriological Agar phantoms.Table 3Sample Thickness (mm)Incident Power (mW)Transmitted Power (mW)$- \ln\frac{P}{P_{o}}$2.9452.3727.420.6474.5652.7723.360.8156.1554.8719.381.0418.2454.7714.401.33610.1655.8910.031.71812.6552.675.482.263Table 4The power intensities of the 630 nm laser through different thicknesses of the lung bacteriological Agar phantoms.Table 4Sample Thickness (mm)Incident Power (mW)Transmitted Power (mW)$- \ln\frac{P}{P_{o}}$2.917.573.970.6454.787.613.260.8486.447.652.411.1558.147.511.791.43410.467.591.191.85312.817.580.772.287Table 5The power intensities of the 532 nm laser through different thicknesses of the brain soy Agar phantoms.Table 5Sample Thickness (mm)Incident Power (mW)Transmitted Power (mW)$- \ln\frac{P}{P_{o}}$2.9553.0723.530.7324.9654.6721.770.9216.3554.8717.611.1368.1854.3713.261.41110.2754.449.311.76612.8654.275.342.319Table 6The power intensities of the 532 nm laser through different thicknesses of the bladder soy Agar phantoms.Table 6Sample Thickness (mm)Incident Power (mW)Transmitted Power (mW)$- \ln\frac{P}{P_{o}}$2.8551.2723.770.7694.8953.2719.870.9866.1353.2715.571.2308.1754.9711.051.60410.2554.776.932.60712.2951.173.912.572Table 7The power intensities of the 630 nm laser through different thicknesses of the lung soy Agar phantoms.Table 7Sample Thickness (mm)Incident Power (mW)Transmitted Power (mW)$- \ln\frac{P}{P_{o}}$2.987.153.410.7404.967.572.790.9986.227.612.181.2508.267.711.471.65710.237.491.012.00412.357.420.592.532

2.4. Results and discussion {#sec2.4}
---------------------------

[Figure 2](#fig2){ref-type="fig"}a and 2b show the microscopic characterization of the Aluminium oxide (Al~2~O~3~) particles performed with a JOEL JEM-1400 transmission electron microscope (Joel Ltd., Tokyo, Japan), fitted with a GATAN Orius camera. The Al~2~O~3~ displayed spherical shaped particles with an average size between 30-65 nm closely matching the manufacturer specification. The diffraction pattern showed no evidence of the presence of amorphous phases in the aluminium oxides indicating its crystalline nature.Figure 2(a) Transmission electron micrographs, 40k magnification; with (b) the diffraction pattern showing the crystalline nature of the aluminium oxides (Al~2~O~3~) particles.Figure 2

Figures [3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"} show the graph of $\text{ln}\ \left\lbrack \frac{\text{p}}{\text{p}_{\text{o}}} \right\rbrack$ plotted as a function of thickness for all phantom samples types with the error bar plots showing the standard deviation for each phantom. The slope of the least-squares line fits perform on the data sets gives the total attenuation coefficient $\mu_{t},\ $ from which the optical properties are evaluated based on the hypothesis that the absorption $\mu_{a}$ of the India ink and the scattering coefficient $\mu_{s}$ of the Agar act additionally to create the $\mu_{t}$ of the phantom according to [Eq. (3)](#fd3){ref-type="disp-formula"}. Linear regression analysis was carried out for comparison of total attenuation coefficient $\mu\ _{t}$ values for different phantoms tissues on the basis of base materials.Figure 3The logarithmic intensity as a function of thickness with associated linear fitting options to determine the total attenuation coefficients for the bacteriological Agar phantoms (A) Brain, (B) Bladder and (C) Lungs at 532, 532 and 630nm respectively.Figure 3Figure 4The logarithmic intensity as a function of thickness with associated linear fitting options to determine the total attenuation coefficients for the Soy Agar phantoms (A) Brain, (B) Bladder and (C) Lungs at 532, 532 and 630nm respectively.Figure 4

No statistically significant differences were found between the values for the brain (F = 5.140, P \> 0.05), bladder (F = 2.832, P \> 0.05) and lungs (F = 5.052, P \> 0.05) tissue respectively. Moreover, a very strong correlation (R^2^) value of 0.9 was found between related tissues with the bacteriological and soy Agar materials, showing a positive relationship exists between the phantoms tissues.

The optical properties of the fabricated tissue phantoms at the wavelength of interest for each base material are shown in Tables [8](#tbl8){ref-type="table"} and [9](#tbl9){ref-type="table"}. The values obtained were compared to previously published data at 532 and 630 nm in the literature ([Table 10](#tbl10){ref-type="table"}) \[[@bib24]\].Table 8Optical properties of bacteriological Agar tissue-like phantoms.Table 8wavelength (nm)$\mu\ _{a}\left( {cm^{- 1}} \right)$$\mu\ _{s}\left( {cm^{- 1}} \right)$refractive Index5320.481 $\pm$ 0.0260.819 $\pm$ 0.0661.3345320.352 $\pm$ 0.0501.308 $\pm$ 0.0591.3346300.323 $\pm$ 0.5571.368 $\pm$ 0.0251.335Table 9Optical properties of the Soy Agar tissue-like phantoms.Table 9wavelength (nm)$\mu\ _{a}\left( {cm^{- 1}} \right)$$\mu\ _{s}\left( {cm^{- 1}} \right)$refractive Index5320.536 $\pm$ 0.1161.110 $\pm$ 0.0631.3395320.307 $\pm$ 0.0021.604 $\pm$ 0.1101.3406300.502 $\pm$ 0.0611.417 $\pm$ 0.0241.337Table 10In-vivo optical properties of tissues.Table 10Tissuewavelength (nm)$\mu\ _{a}\left( {cm^{- 1}} \right)$$\mu\ _{a}\left( {cm^{- 1}} \right)$Brain5320.02--3.840.10--46.3Bladder5320.27--0.711.28--3.30Lung6300.16--1.361.07--83.81

Specifically, the optical coefficients ($\mu\ _{a}$, $\mu\ _{s}$) of the Agar gel phantoms were found to be in agreement with data reported by Yaroslavsky et al. \[[@bib25]\] and Beck et al. \[[@bib26]\] for the human brain grey matter and bladder wall tissues at 532 nm, and by Beek et al. \[[@bib27]\] for a deflated oxygenated lung at 630 nm respectively.

The optical properties are dependent on the wavelength of interest, the base material, and the concentrations of the particles within the phantom \[[@bib28]\]. In particular, the rate of absorption was nearly identical, indicating the scattering effect of the pure Agar phantoms to be minor over the wavelength range. However, the scattering coefficient of Al~2~O~3~ in each phantom type was found to differ by approximately 0.3 for the same amount of Agar powder with an identical wavelength.

To evaluate the temporal stability of the fabricated phantoms, samples were randomly selected for each phantom tissue, wrapped up and stored in a refrigerator. Degradation was defined as a loss in texture and appearance. There was no notable change in refrigerated samples following two to three weeks of production in contrast to the slight desiccation observed in the unrefrigerated samples after a week. However, with the addition of antifungal agents, agar phantom can maintain stable optical properties for periods over two years \[[@bib29]\].

Moreover, to assess the repeatability of the fabrication process, the measurement of the optical properties was performed for phantoms reproduced using our proposed method. In this instance, measurements were made for five differing thickness of each phantom with values of $\mu_{a}$ = 0.476 ± 0.024 $cm^{- 1}$ and $\mu_{s}$ = 0.815 ± 0.057 $cm^{- 1}$ at 532 nm, $\mu_{a}$ = 0.351 ± 0.046 $cm^{- 1}$ and $\mu_{s}$ = 1.294 ± 0.031 $cm^{- 1}$ at 532 nm, $\mu_{a}$ = 0.316 ± 0.544 $cm^{- 1}$ and $\mu_{s}$ = 1.366 ± 0.019 $cm^{- 1}$ at 630 nm for the bacteriological Agar brain, bladder and lung tissue phantoms. The corresponding optical coefficients for the Soy Agar phantoms were $\mu_{a}$ = 0.540 ± 0.09 $cm^{- 1}$ and $\mu_{s}$ = 1.111 ± 0.053 $cm^{- 1}$ at 532 nm, $\mu_{a}$ = 0.308 ± 0.001 $cm^{- 1}$ and $\mu_{s}$ = 1.606 ± 0.104 $cm^{- 1}$ at 532 nm, and $\mu_{a}$ = 0.497 ± 0.049 $cm^{- 1}$ and $\mu_{s}$ = 1.415 ± 0.021 $cm^{- 1}$ at 630 nm. These values are in close approximation to the optical properties of desired tissues with observed differences within experimental variability.

There were slight differences in the determined optical properties in comparison to values published for various agar-based phantoms. Cho et al. \[[@bib30]\] reported an absorption coefficient of 0.24 $\ cm^{- 1}$ for skin and 0.52 $\ cm^{- 1}$ for fat tissue while in another study by Iizuka et al. \[[@bib31]\] values of 0.50 ± 0.04 and 0.7 ± 0.1 $cm^{- 1}$ for unspecified tissue samples was given. This demonstrates the concentrations and different constituents of the fabricated phantoms, which are decisive factors for their optical properties \[[@bib14], [@bib31]\].

The optical properties depend on the biological variation of the tissues and the values can present significant variations due to measuring techniques, light propagation models and preparation techniques \[[@bib32], [@bib33]\].

The published approximate range of property values determined for various tissue types is nonetheless a great aid to those developing novel optical devices or planning therapeutic protocols \[[@bib8]\].

There are a few sources of errors in this study. It is evident that the fitted straight-lines from Figures [3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"} do not pass through the origin as expected. However, this does not influence the total attenuation coefficient considering it\'s determined from the slope only \[[@bib34]\]. Secondly, the optical properties were evaluated following the additive law of optical coefficients. The validity of the law has been tested by comparison with experimentally predicted optical coefficients, resulting in differences of less than 5% \[[@bib35]\].

Another source of uncertainty is in the measurement of the refractive indices n values, due to complexities and variation in tissue samples with about 0.4% maximum experimental error in reasonable agreement with literature.

Finally, the phantoms were fabricated under the assumption that neither the Al~2~O~3~ particles nor India ink absorbs or scatter light at this wavelength. The induced effect is nevertheless negligible in the visible light spectrum \[[@bib14]\].

2.5. Conclusion {#sec2.5}
---------------

We have demonstrated the possibility of fabricating optical tissue phantoms with desired optical properties using an inexpensive and easy to follow procedure. The method proposed enables the creation of an Agar-based phantom that may accurately simulate the optical properties of the human brain, bladder and lung tissues at selected wavelengths. With further refinement these phantoms could be very useful in photo-medicine studies, for instance, predicting and optimizing response to photo-thermal therapies.

A unique advantage of the obtained results is that the optical parameters are reproducible since the homogeneity of the phantoms could be confirmed and the preparation and measurement procedure was similar for all phantoms. Furthermore, multilayer fabrication is possible by stacking several slices of prepared samples using water as an optical coupler to simulate complex structures.
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